Tumor blood vessels are structurally and functionally abnormal, resulting in heterogeneous intratumoral regions of hypoxia ([@CIT0001],[@CIT0002]). Hypoxia and poor blood supply promote an aggressive phenotype and contribute to ineffective systemic anticancer therapy and treatment resistance ([@CIT0002]). As such, several approaches to prevent and/or mitigate tumor hypoxia have been investigated (eg, hyperthermia, hypoxic cytotoxins) ([@CIT0006]). Vascular normalization by vascular endothelial growth factor (VEGF) inhibition sensitizes tumors to systemic chemotherapy by improving oxygenation and delivery of chemotherapy ([@CIT0011]). However, these effects are transient, lasting only days to weeks, which hinders long-term clinical use ([@CIT0016],[@CIT0017]).

Intriguingly, emerging data indicate that both acute and chronic (repeated) aerobic exercise stimulates favorable improvements in intratumoral perfusion/vascularization and hypoxia in orthotopic models of human breast cancer and murine prostate cancer ([@CIT0018]). Thus, exercise may promote a shift towards a more "normalized" tumor microenvironment (possibly via upregulation of regional and local physiologic angiogenesis) ([@CIT0021]). However, whether exercise alters oxygen transport in tumors by modifying vascular density, oxygen consumption rate, and perfusion of existing microvessels has received little attention ([@CIT0022],[@CIT0023]). Furthermore, because the abnormal solid tumor microenvironment is an important contributor to tumor progression and treatment resistance, exercise via its normalizing properties may inhibit tumor progression as well as act as a therapeutic sensitizer ([@CIT0021]).

In previous work, our group studied the effects of exercise in an orthotopic model of human breast cancer (MDA-MB-231), requiring immunodeficient mice. However, the immune system is a key component of the tumor microenvironment and host defense against tumor progression ([@CIT0024]). To our knowledge, no study has evaluated the physiologic and growth inhibitory effects of voluntary exercise in an immunocompetent mouse model of syngeneic tumor cells implanted in the orthotopic position ([@CIT0025]). Furthermore, the question of whether exercise augments the efficacy of chemotherapy has been addressed in human tumor xenografts into immunodeficient mice, but has yet to be addressed in a preclinical model of immunocompetent mice ([@CIT0026]).

We implanted immunocompentent BALB/c female mice with syngeneic 4T1 murine breast cancer cells orthotopically in the dorsal mammary fat pad. Immediately after tumor cell implantation, mice were randomly assigned to voluntary wheel running or a sedentary control group (n = 11--12). Tumor volume, running distance, and body weights were recorded three times weekly for 18 days. The E0771 model in C57Bl/6 mice was used to confirm the effects of exercise on tumor growth. One-way analysis of variance (ANOVA) was used to compare differences in tumor variables between groups. Repeated measures ANOVA was used to compare differences in body weight and running distance between groups throughout the experiments. Tumor growth rates were determined by linear regression, and differences in growth rate between groups were assessed using Analysis of Covariance (ANCOVA). For all tests, a *P* value under .05 was considered statistically significant and all *t* tests were two-sided (see Supplementary Methods, available online, for further details).Exercise statistically significantly decreased tumor growth rate in both the 4T1 (*P* = .004) ([Figure 1A](#F1){ref-type="fig"}) and E0771 models (*P* = .012) (Supplementary [Figure 1](#F1){ref-type="fig"}, available online), compared with sedentary control. Body weight was similar between groups at the beginning and end of the study (starting weight: sedentary 23.9g \[95% confidence interval {CI} = 23.1 to 24.73 g\] vs exercise 24.3g \[95% CI = 23.5 to 25.2 g\], weight at necropsy: sedentary 24.5g \[95% CI = 23.9 to 25.2 g\] vs exercise 25.1g \[95% CI = 24.2 to 25.9 g\]) (Supplementary [Figure 2](#F2){ref-type="fig"}, available online). Apoptosis (as measured by the downstream marker cleaved caspase-3) was 1.4-fold higher in exercise compared with control (sedentary 1544 cells/mm^2^ \[95% CI = 1223 to 1865\] vs exercise 2168 cells/mm^2^ \[95% CI = 1620 to 2717\], *P* = .048) ([Figure 1B](#F1){ref-type="fig"}). Western blots of tumor extracts suggest that exercise may exert its proapoptotic effects via the extrinsic pathway by increasing Fas receptors (Exercise/Sedentary fold change = 6.6, rank sum \< .001), which is associated with apoptosis mediated by caspase 8 (Exercise/Sedentary fold change = 7.9, rank sum = .044) ([Figure 1C](#F1){ref-type="fig"}).

![Tumor response to voluntary aerobic exercise. BALB/c mice bearing 4T1 mammary tumors were randomly assigned to exercise or sedentary controls (n = 11--12/group) starting on day 0. Data are presented as means; **error bars** represent 95% confidence intervals (CIs). **A)** Tumor growth rate is statistically significantly slowed by exercise. \* *P* = .004, ANCOVA. **B)** Representative color composites of immunostaining for apoptosis (cleaved caspase-3, **green**) in mice that exercised vs sedentary controls. Cellular nuclei are stained with Hoechst 33342 (**blue**). 5x objective, magnification 100%. **Scale bar** equals 33 µm. The density of apoptotic cells (cleaved caspase-3+ cells/mm^2^) is statistically significantly higher in the exercise group compared with sedentary controls. **Gray lines** = mean; **black lines** = 95% CI, *P* = .048, two-sided *t* test. **C)** Expression of apoptosis-related proteins in response to exercise. Protein was extracted from 4T1-luc tumors, and expression levels of components of the extrinsic (Fas, Caspase 8) and intrinsic (Bcl-2) pathways, as well as downstream mediators of apoptosis (XIAP, PARP), were visualized on western blots. Band intensity was quantified in comparison with actin loading controls. Both Fas (*P* \< .001) and Caspase 8 (*P* = .044) expression were statistically significantly increased in mice that exercised, rank sum test. All statistical tests were two-sided.](jnci.j_djv040_f0001){#F1}

![Effects of aerobic exercise on angiogenesis and vascular maturity in primary 4T1 breast tumors. Cellular nuclei were stained with Hoechst 33342 (**blue**). 5x objective, magnification 100%. **A-C)** Immunostaining for blood vessels shows that microvessel density (CD31, **green**) was statistically significantly higher in the tumors from exercised mice compared with sedentary controls. **Scatter points** = individual mice; **gray lines** = mean; **black lines** = 95% confidence intervals (CIs), *P* = .004, two-sided *t* test. **D-E)** Representative two-color composite images of vessel pericyte coverage determined by colocalization of CD31 and desmin (**red**) staining. **Scale bar** equals 40 µm. **F)** The percentage of tumor area containing pericyte-covered blood vessels (CD31-desmin colocalized pixels/total tumor area pixels x 100%) is significantly higher in the exercise group. **Scatter points** = individual mice; **gray lines** = mean; **black lines** = 95% CI, *P* = .006, two-sided *t* test. **G)** The percentage of vessel area covered by pericytes (CD31-desmin colocalized pixels/CD31+ pixels x 100%) was also significantly higher in tumors from running mice. **Scatter points** = individual mice; **gray lines** = mean; **black lines** = 95% CIs, *P* = .024, two-sided *t* test. **H-J)** Mice were injected with the hypoxia marker EF5 (**red**), which was detected by immunohistochemistry. Representative whole tumor images are shown. Quantification of hypoxic tumor percentage shows that exercise significantly reduces tumor hypoxia. **Scatter points** = individual mice; **gray lines** = mean; **black lines** = 95% CIs, *P* = .012, two-sided *t* test. **K)** Tumor response to voluntary aerobic exercise combined with cyclophosphamide chemotherapy. BALB/c mice bearing 4T1 mammary tumors were randomly assigned to voluntary wheel running or sedentary controls (n = 17 per group) starting on Day 0. Mice treated with chemotherapy received the maximal tolerated dose (100mg/kg) cyclophosphamide IP on days 7, 9, and 11. Data are presented as means; **error bars** are 95% CIs. Tumor growth rate is significantly slowed by exercise and cyclophosphamide monotherapies compared with sedentary controls (*P* \< .001, ANCOVA). The combination of exercise and cyclophosphamide resulted in a statistically significant reduction in tumor growth rate relative to the groups that received no treatment, exercise alone, or cyclophosphamide alone (*P* \< .01, ANCOVA). ANCOVA = Analysis of Covariance.](jnci.j_djv040_f0002){#F2}

Microvessel density (assessed by CD31 immunohistochemistry) was statistically significantly higher in exercised mice compared with controls (sedentary, 22.5 vessels/mm^2^ \[95% CI = 19.6 to 25.5\] vs exercise, 32.2 vessels/mm^2^ \[95% CI = 26.3 to 38.0\], *P* = .004) ([Figure 2](#F2){ref-type="fig"}, [A-C](#F2){ref-type="fig"}). This was confirmed in the E0771 orthotopic breast cancer model (sedentary 30.3 vessels/mm^2^ \[95% CI = 25.9 to 34.7\] vs exercise 42.2 vessels/mm^2^ \[95% CI = 34.2 to 50.2\], *P* = .010) (Supplementary Figure 3, available online). Next, we evaluated tumor blood vessel maturity, because mature angiogenesis is more efficient for oxygen transport ([@CIT0027]). Colocalization of CD31 with desmin, a marker of vascular maturity was 3- to 4-fold higher in exercised mice ([Figure 2](#F2){ref-type="fig"}, [D-G](#F2){ref-type="fig"}). Exercise statistically significantly increased the amount of viable tumor area containing pericyte-covered vessels compared with control (sedentary 0.4% of tumor area \[95% CI = 0.2 to 0.6\] vs exercise 1.9% \[95% CI = 0.9 to 2.8\], *P* = .006) and increased the vessel area covered by pericytes (sedentary 22.1% of vessel area \[95% CI = 14.5 to 29.7\] vs exercise 39.6% of vessel area \[95% CI = 26.3 to 53.0\], *P* = .024). These results were confirmed by staining for the pericyte marker NG2 (sedentary 0.8% of tumor area \[95% CI = 0.2 to 1.4\] vs exercise 3.3% of tumor area \[95% CI = 2.1 to 4.5\], *P* \< .001; sedentary 16.5% of vessel area \[95% CI = 9.1 to 23.9\] vs exercise 46.6% (95% CI = 32.3 to 60.9\], *P* \< .001, data not shown). Together, these findings demonstrate that exercise increases tumor vessel density and improves vessel function and maturity.

We hypothesized that the improvements in vessel density and structure would lower intratumoral hypoxia; indeed, hypoxia was statistically significantly lower in exercised mice compared with controls, as assessed by the hypoxia marker EF5 (2-(2-nitro-1H-imidazole-1-yl)-N-(2,2,3,3,3-pentafluoropropyl acetamide)) (sedentary 48.8% of tumor area \[95% CI = 35.5% to 62.1%\] vs exercise 25.5% of tumor area \[95% CI = 12.7 to 38.4\], *P* = .012) ([Figure 2](#F2){ref-type="fig"}, [H-J](#F2){ref-type="fig"}). To provide mechanistic insight into how exercise modulates tumor vascularity and maturity, we evaluated the expression of key regulators of angiogenesis and normalization. Quantitative RT-PCR showed an approximately 1.5-fold increase in expression of VEGF, a key proangiogenic factor, in the exercised group compared with control (sedentary 0.83-fold \[95% CI = 0.70 to 0.96\] vs 1.14-fold \[95% CI = 0.94 to 1.35\], *P* = .011) ([Supplementary Figure 4A](http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/djv040/-/DC1), available online). In addition, exercise also downregulated PDGFR-β, which could account for the increased maturity of the vasculature in exercised mice by optimization of the PDGF-β pathway (Exercise/Sedentary fold change = 0.63, rank sum *P* = .013) ([Supplementary Figure 4B](http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/djv040/-/DC1), available online) ([@CIT0027]). We next investigated whether exercise-induced improvements in tumor vascular structure altered tumor perfusion. MR perfusion imaging indicated that perfusion patterns of exercised 4T1 mice were more uniform and centralized relative to tumors from control mice; tumors from control mice, in general, displayed an outer ring-enhancement pattern of perfusion ([Supplementary Figure 5, A-D](http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/djv040/-/DC1), available online). This finding was confirmed in the E0771 model, which is consistent with our work in prostate cancer and preclinical data, showing that acute treadmill exercise increased tumor perfusion in rats ([@CIT0020],[@CIT0028]) ([Supplementary Figure 5E](http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/djv040/-/DC1), available online).

Based on the observed effects on tumor physiology, we hypothesized that exercise would improve the efficacy of chemotherapy. BALB/c mice bearing 4T1-luc tumors were randomly assigned to one of four groups: no treatment, exercise alone, cyclophosphamide alone, or exercise plus cyclophosphamide (n = 17/group). The cyclophosphamide groups were injected with the maximally tolerated dose (100mg/kg) of cyclophosphamide intraperitoneally on days 7, 9, and 11, and tumor volume was measured three times weekly until death ([Figure 2K](#F2){ref-type="fig"}). The rate of tumor growth was statistically significantly lower in the exercise + cyclophosphamide group compared with all other groups (*P* \< .001). As expected, tumor growth delay was also statistically significantly increased in the exercise alone and cyclophosphamide alone groups, compared with control (*P* \< .01). Intriguingly, there was no difference in tumor growth rate between cyclophosphamide alone and exercise alone.

Taken together, our data demonstrate a novel finding wherein aerobic exercise stimulates "productive" or "physiologic" angiogenesis and vascular normalization, leading to a substantial reduction in intratumoral hypoxia. This builds upon previous work from our group, which evaluated the effects of exercise on human breast cancer xenografts in immunodeficient mice ([@CIT0024]). In those early experiments, we reported that exercise increases tumor perfusion, as measured by Hoechst-positive blood vessels. Here, we confirm that perfusion is indeed increased using advanced MRI techniques and demonstrate associated increases in vascular maturity in two strains of immunocompetent mice bearing orthotopic breast tumors, a more realistic model of the tumor microenvironment ([@CIT0025]). Nevertheless, our findings need to be interpreted with caution and further experiments are needed to investigate whether exercise can be used to normalize tumor vasculature, decrease tumor hypoxia, and increase tumor sensitivity to chemotherapy in slower-growing tumor models that may be more clinically applicable. Additionally, the role of exercise in combination with other chemotherapy partner regimens with known effects on angiogenesis (eg, different agents including small molecule inhibitors, metronomic dosing) warrants further investigation ([@CIT0029]).

The vascular normalizing effects of exercise were associated with inhibition of tumor growth, in association with activation of the proapoptotic Fas pathway. The increase in apoptosis resulted in decreased tumor cell mass, which would reduce oxygen consumption rate. Indeed, we found that exercise favorably modulates the three primary determinants of intratumoral hypoxia: tumor cell mass, apoptosis, and vessel density. These findings may provide initial mechanistic insights into observational data showing a strong inverse relationship between self-reported exercise and cancer-specific outcomes in women with early breast cancer ([@CIT0030],[@CIT0031]). Finally, abnormal tumor vasculature and resulting hypoxia is a major source of therapeutic resistance. Our findings show that exercise, via its potent normalizing properties, may be an effective adjunct strategy that adds to the antitumor efficacy of systemic agents. Such a notion is supported by exploratory findings from two recent clinical trials. First, in women receiving neoadjuvant chemotherapy for early-stage breast cancer, we reported that addition of aerobic training was associated with substantial modulation of circulating proinflammatory cytokines as well as tumor gene expression pathways, including many that converge on NF-κß ([@CIT0032]). This trial was not designed nor powered to examine changes in clinical response. However, in an exploratory subanalysis of a previously reported randomized controlled trial investigating the efficacy of aerobic or resistance training, relative to sedentary control patients, in 242 women receiving conventional adjuvant therapy for early breast cancer, Courneya et al. ([@CIT0033]) found that when the exercise groups were combined there was a nonsignificant improvement in disease-free survival. Specifically, at a median of 89 months follow-up, the eight-year disease-free survival rates were 82.7% in exercise groups compared with 75.6% in the control group (hazard ratio =0.68, 95% CI=0.37 to 1.24, *P*=.21) ([@CIT0033]). Overall, our findings shed new insights into the potential anticancer role of exercise as either adjuvant therapy or a combination therapeutic strategy in patients with solid tumors.
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